The cell receptors that facilitate adenovirus internalization into cells have been identified; however, the infectious pathway of virus entry has not been established. Adenovirus entry and infection were examined in HeLa cells lacking or overexpressing mutant dynamin, a protein that specifically regulates clathrin-mediated endocytosis. Expression of mutant dynamin significantly reduced adenovirus internalization and gene delivery, indicating a functional requirement for this molecule. These findings are consistent with virus entry via the clathrin-coated pit pathway.
The cell receptors that facilitate adenovirus internalization into cells have been identified; however, the infectious pathway of virus entry has not been established. Adenovirus entry and infection were examined in HeLa cells lacking or overexpressing mutant dynamin, a protein that specifically regulates clathrin-mediated endocytosis. Expression of mutant dynamin significantly reduced adenovirus internalization and gene delivery, indicating a functional requirement for this molecule. These findings are consistent with virus entry via the clathrin-coated pit pathway.
Entry of human adenoviruses (Ads) into cells is a complex process that involves interactions of several viral capsid proteins with different cell receptors. A recently identified 46-kDa cell membrane protein mediates Ad attachment to cells via the fiber protein (2, 21) . A second interaction of the virus penton base protein with ␣ v integrins promotes virus internalization (1, 25) . The expression of ␣ v integrins on host cells has also been shown to determine the efficiency with which Ad can deliver foreign genes (6, 11, 12) . While the receptors involved in Ad attachment and internalization have been identified, relatively little information exists on the precise entry pathway that leads to infection. Previous electron microscopic studies (3, 16) , as well as biochemical analyses (5, 8, 17, 23) , have suggested that Ad particles are internalized into cells via the coated-pit pathway. However, the majority of virus particles entering host cells appear to be in uncoated vesicles (16) ; thus, the infectious pathway of Ad entry has not been determined.
The recent identification of host cell proteins that regulate clathrin-mediated endocytosis has provided an opportunity to more precisely define the pathway of Ad entry. Dynamin is a 100-kDa cytosolic GTPase which selectively regulates clathrinmediated endocytosis. Dynamin associates with clathrincoated membrane invaginations and has been proposed to mediate the constriction of coated pits and the budding of coated vesicles from the plasma membrane (10, 20) . A dominant-negative mutant form of dynamin containing a point mutation in the GTP binding site (lys 44 to ala 44 , K44A) blocks clathrin-mediated endocytosis of transferrin and epidermal growth factor but does not significantly alter nonclathrin internalization pathways (4). We used tTA-HeLa cells stably transfected with the K44A dominant-negative dynamin (24) under the control of the tetracycline-inducible promoter (7) to determine whether Ad entry and infection are mediated by the clathrin-coated pit pathway. The K44A mutant protein contains an influenza virus hemagglutinin epitope tag that allows its detection in cells by immunoblotting. A 100-kDa protein, consistent with the expected size of dynamin, was expressed in cells cultured in medium lacking tetracycline (lane Ϫ tet in Fig.  1 ) but not in uninduced cells (lane ϩ tet in Fig. 1 ). These results demonstrate the relatively tight control of mutant dynamin expression using the tetracycline-regulated promoter.
Ad infection of HeLa cells expressing the K44A mutant dynamin was measured by using a recombinant Ad vector, Ad.RSV.GFP (12) , encoding green fluorescent protein (GFP). Uninduced tTA-HeLa cells or cells which had been induced by removal of tetracycline for 48 h were infected with Ad.RSV. GFP at a virus particle-to-cell ratio of 300. The number of cells expressing the GFP reporter gene was then quantitated 48 h postinfection by flow cytometry. A significant decrease in Addelivered GFP was observed in HeLa cells without tetracycline compared to cells with tetracycline ( Fig. 2A) . Ad-mediated gene delivery to HeLa cells with tetracycline was very similar to delivery to HeLa cells overexpressing wild-type dynamin under the control of the tetracycline-regulated promoter (data not shown). Tetracycline-treated HeLa cells infected with Ad.RS-V.GFP also showed levels of GFP expression similar to those of cells infected with Ad.RSV.GFP and then subsequently induced by removal of tetracycline (Fig. 2B) , indicating that the mutant dynamin protein did not inhibit expression of the Ad-delivered reporter gene.
In further studies, we examined mutant dynamin-expressing and control (tetracycline-treated) cells for Ad-mediated gene FIG. 1. Detection of mutant dynamin expression by immunoblotting. tTAHeLa cells stably transfected with the K44A dynamin mutant were cultured in the presence (ϩ tet) or absence (Ϫ tet) of tetracycline for 48 h and then solubilized in sodium dodecyl sulfate sample buffer. Lysates prepared from 10 delivery at different virus particle-to-cell ratios. HeLa cells expressing mutant dynamin showed significantly lower levels of Ad-mediated gene delivery than did tetracycline-treated cells at each virus particle-to-cell ratio (Fig. 3) . Inhibition of Admediated gene delivery was also observed when cells were incubated in the absence of tetracycline prior to infection and then cultured in the presence of tetracycline following infection (data not shown; see Fig. 5B ).
Studies were next undertaken to determine the stage at which expression of mutant dynamin inhibited Ad-mediated gene delivery. We first examined whether expression of the K44A mutant dynamin was capable of interfering with Ad attachment to cells. Tetracycline-free HeLa cells expressing mutant dynamin supported levels of radiolabeled Ad binding similar to those supported by tetracycline-treated HeLa cells (Fig. 4) . Therefore, inhibition of Ad-mediated gene delivery was not due to inhibition of virus attachment. Further studies were performed to examine whether Ad internalization into cells was affected by expression of mutant dynamin. As shown in Fig. 5A , Ad was rapidly internalized in HeLa cells lacking mutant dynamin within 5 to 10 min after warming to 37°C. In contrast, only a low level of viral entry occurred in HeLa cells expressing the K44A mutant dynamin. In parallel studies, we examined Ad-mediated gene delivery in cells expressing or lacking mutant dynamin. Cells were warmed to 37°C for various lengths of time to allow virus uptake, and then virus particles remaining on the plasma membrane (uninternalized) were removed by trypsin digestion (11) . Following culturing of cells in the presence of tetracycline for 48 h, reporter gene expression was measured by flow cytometry. Cells expressing mutant dynamin showed a significant decrease in Ad-mediated gene delivery over time compared to uninduced cells lacking mutant dynamin (Fig. 5B) . These findings indicate that efficient Ad entry and infection are both regulated by dynamin, an essential component of the clathrin-coated pit endocytic pathway.
Ad entry into cells has been shown to be promoted by interaction of the virus penton base protein with integrins ␣ v ␤ 3 and ␣ v ␤ 5 (1, 25) . ␣ v integrin clustering by Ad particles could facilitate localization of virus particles to coated pits that are destined for internalization. Although direct evidence for this is lacking, the cytoplasmic tails of the ␤ 3 and ␤ 5 subunits of ␣ v integrins contain the NPXY motif (18, 19) , which has been shown to be necessary for the localization of certain receptors to coated pits (15) . Disruption of the NPXY sequence in the cytoplasmic tail of ␤ 1 integrins has also been reported to inhibit clathrin-mediated bacterial uptake into cells (22) . Further studies are necessary to determine if specific internalization sequences in ␣ v integrins mediate Ad uptake into clathrincoated pits.
While mutant dynamin expression significantly inhibited virus uptake and gene delivery, it did not completely abolish these activities. The present findings are consistent with previous reports that induction of mutant dynamin expression does not completely block internalization of transferrin and epidermal growth factor. These ligands have been well documented to enter cells via the clathrin-coated pit pathway (4). The kinetically slower and less efficient endocytic processes which are not affected by mutant dynamin expression may represent clathrin-independent entry mechanisms such as fluid-phase pinocytosis (13) . In certain cell types, pinocytic uptake of solutes has been reported to account for as much as 50% of the total volume of endocytosis (14) . Interestingly, Ad-mediated gene delivery is not inhibited by treatment of cells with amiloride or hexamethylamiloride (data not shown), which are potent inhibitors of macropinocytosis (9) , suggesting that viral entry probably does not involve this type of endocytic pathway. While further studies are necessary to fully characterize the molecular events involved in Ad internalization, these studies provide direct evidence for the role of dynamin in Ad entry and infection.
